A long-standing unsolved problem is how a microscopic theory of superconductivity in cuprate superconductors based on the charge-spin separation can produce a large electron Fermi surface. Within the framework of the kinetic-energy driven superconducting mechanism, a full charge-spin recombination scheme is developed to fully recombine a charge carrier and a localized spin into a electron, and then is employed to study the electronic structure of cuprate superconductors in the superconducting-state. In particular, it is shown that the underlying electron Fermi surface fulfills Luttinger's theorem, while the superconducting coherence of the low-energy quasiparticle excitations is qualitatively described by the standard d-wave Bardeen-Cooper-Schrieffer formalism. The theory also shows that the observed peak-dip-hump structure in the electron spectrum and Fermi arc behavior in the underdoped regime are mainly caused by the strong energy and momentum dependence of the electron self-energy.
I. INTRODUCTION

Superconductivity in cuprate superconductors occurs upon charge carrier doping Mott insulators
2 . Experimentally, it is well established that the Mott insulating state at zero doping develops long-range order antiferromagnetism 3, 4 . Upon doping the antiferromagnetic (AF) long-range order (AFLRO) disappears rapidly and soon thereafter is replaced by the superconducting (SC) ground-state 3, 4 . After intensive investigations over more than two decades, a large body of data available from a wide variety of measurement techniques have introduced important constraints on the microscopic model and SC theory [3] [4] [5] [6] [7] [8] [9] [10] [11] . At the temperature above the SC transition-temperature T c , the electron is in a normalstate, however, the normal-state in the underdoped and optimally doped regimes is not normal at all, since the normal-state of cuprate superconductors exhibits a number of the anomalous properties [8] [9] [10] [11] in the sense that they do not fit in with the standard Landau-Fermi liquid theory. The defining characteristic is that the resistivity grows nearly linearly with temperature [9] [10] [11] [12] . Infrared measurements confirmed that the resistivity scales similarly with energy and temperature, and that the anomalous energy dependence extends up to an energy equivalent to at least 300 meV [9] [10] [11] [12] . More importantly, the conductivity in the underdoped and optimally doped regimes shows a non-Drude behavior (the conductivity decays as → 1/ω) at low energies 10, 11 , and is carried by δ charge carriers, where δ is the charge carrier doping concentration. These are strong experimental evidences supporting the notion of the charge-spin separation 13, 14 . Superconductivity is an instability of the normal-state. However, one of the most striking dilemmas is that the SC coherence of the low-energy quasiparticle excitations in cuprate superconductors seems to be described by the standard Bardeen-Cooper-Schrieffer (BCS) formalism [15] [16] [17] [18] [19] , although the normal-state is undoubtedly not the standard Landau Fermi-liquid on which the conventional electron-phonon theory is based. Angle-resolved photoemission spectroscopy (ARPES) experiments reveal sharp spectral peaks in the singleparticle excitation spectrum 5, 6, [15] [16] [17] [18] [19] [20] [21] [22] [23] , indicating the presence of quasiparticle-like states, which is also consistent with the long lifetime of the electronic state as it has been determined by the conductivity measurements 10, 11 . In particular, as a direct method for probing the electron Fermi surface, the early ARPES measurements indicate that in the entire doping range, the underlying electron Fermi surface satisfies Luttinger's theorem [24] [25] [26] [27] , i.e., the electron Fermi surface with the area is proportional to 1 − δ. Later, the ARPES experimental studies show that in the underdoped and optimally doped regimes, although the antinodal region of the electron Fermi surface is gapped out, leading to the notion that only part of the electron Fermi surface survives as the disconnected Fermi arcs around the nodes [28] [29] [30] [31] [32] , the underlying electron Fermi surface determined from the low-energy spectral weight still fulfills Luttinger's theorem in the entire doping range 32 . These ARPES experimental facts [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] on the other hand provide strong evidences supporting the notion of the charge-spin recombination 13, 14 . Since the electron Fermi surface is a fundamental property of interacting electron systems, the study of the nature of the electron Fermi surface should be crucial for understanding the electronic structure of cuprate superconductors.
Theoretically, it is generally agreed that the strong electron correlation plays a dominant role in the description of the anomalous normal-state properties of cuprate superconductors and the related SC mechanism 33, 34 . This strong electron correlation originates from a large arXiv:1502.02903v1 [cond-mat.supr-con] 10 Feb 2015 on-site repulsion between two electrons occupying the same site, which effectively translates into an elimination of double electron occupancy. Apart from the numerical techniques, an intuitively appealing approach to implement this elimination of double electron occupancy and the charge-spin separation is the slave-particle approach 14, 35, 36 , where the constrained electron operator C lσ is given by a composite operator as C lσ = a † l f lσ , with a † l as the slave boson and f lσ as the fermion or vice versa, i.e., a † l as the fermion and f lσ as the boson. In this slave-particle approach, the operator f lσ carries spin index (spinon) and the operator a † l is interpreted as creating a vacancy (holon). The elimination of double electron occupancy is presented by the requirement that a † l a l + σ f † lσ f lσ = 1 which can be enforced by introducing a Lagrangian multiplier. Moreover, the doped holes are mainly responsible for the charge transport, and the relaxation time of the excitation from the spin degree of freedom is mainly responsible for the spin response, while the SC-state is characterized by the charge-spin recombination, forming SC quasiparticles 14, 36 . In the conventional charge-spin recombination scheme, the electron Green's function in space-time is a product of the holon and spinon Green's functions 13, 14, 36, 37 . The resulting Fourier transform is a convolution of the holon and spinon Green's functions. However, in the early days of superconductivity, we 37 have formally proved that the electron Fermi surface observed experimentally from the ARPES experiments can not be restored based on the conventional charge-spin recombination. In this case, a long-standing unsolved problem is how a microscopic theory based on the charge-spin separation can give a consistent description of the electronic structure of cuprate superconductors in terms of a full charge-spin recombination. By the full charge-spin recombination we refer to the obtained electron propagator that can produce a large electron Fermi surface with an area proportional to 1 − δ. For a proper treatment of the strong electron correlation in cuprate superconductors, we 38, 39 have developed a fermion-spin theory based on the charge-spin separation, where the constrained electron operator is decoupled as a product of a charge carrier and a localized spin, and then the electron motion is restricted in the restricted Hilbert space without double electron occupancy. Within the framework of the fermion-spin theory, we [39] [40] [41] have established a kinetic-energy driven SC mechanism, where the charge-carrier pairing state is conventional BCS-like with the d-wave symmetry, although the pairing mechanism is driven by the kinetic-energy by the exchange of spin excitations in the higher powers of the doping concentration. In particular, this kineticenergy driven charge-carrier pairing state is controlled by both the charge-carrier pair gap and charge-carrier quasiparticle coherence, which leads to that the chargecarrier pair transition-temperature T c takes a domelike shape with the underdoped and overdoped regimes on each side of the optimal doping, where T c reaches its maximum. Following this kinetic-energy driven SC mechanism, we in this paper develop a full charge-spin recombination scheme, and then show that although the electron Cooper pairing state (then the SC-state) originates from the charge-carrier pairing state, the low-energy excitation of cuprate superconductors in the SC-state resembles the BCS-Bogoliubov quasiparticle. In particular, we show that the obtained formalism for the electron pairing can be used to compute the electronic structure of cuprate superconductors on the first-principles basis much as can be done for conventional superconductors. Moreover, the theory produces a large electron Fermi surface with the area that is given by 1 − δ, while the striking feature of the peak-dip-hump structure in the single-particle excitation spectrum around the antinodal point and remarkable Fermi arc behavior in the underdoped and optimally doped regimes are mainly caused by the strong energy and momentum dependence of the electron self-energy.
The rest of this paper is organized as follows. Since the work in this paper builds on the kinetic-energy driven SC mechanism, a short summary of the formalism of the kinetic-energy driven SC mechanism is first given in Section II, and then based on this kinetic-energy driven SC mechanism, the basic formalism of the full chargespin recombination is presented, which is manifested itself by the self-consistent equations that are satisfied by the full electron diagonal and off-diagonal Green's functions. Moreover, we confirm that the SC transitiontemperature T c obtained from this full charge-spin recombination scheme is identical to the charge-carrier pair transition-temperature. In Section III, the full electron diagonal Green's function is employed to study the electronic structure of cuprate superconductors in the SCstate, and then some main features of the ARPES measurements on cuprate superconductors in the SC-state are qualitatively reproduced. Finally, we give a summary in Section IV.
II. THEORETICAL FRAMEWORK
Superconductivity in cuprate superconductors is found in copper oxide-based compounds with a layered crystal structure consisting of the two-dimensional CuO 2 planes separated by insulating layers [2] [3] [4] [5] [6] . The key element shared by all such structure is the CuO 2 , and then it seems evident that the relatively high T c in cuprate superconductors is dominated by this CuO 2 plane 2-6 . Immediately following the discovery of superconductivity in cuprate superconductors, Anderson 33 argued that the essential physics of the doped CuO 2 plane is contained in the t-J model on a square lattice,
where the summation is over all sites l, and for each l, over its nearest-neighborsη or the next nearest-neighborŝ τ , C † lσ (C lσ ) is electron creation (annihilation) operator with spin σ, S l = (S x l , S y l , S z l ) are spin operators, and µ is the chemical potential. In spite of its simple form, the t-J model (1) is proved to be very difficult to analyze, analytically as well as numerically. However, the most difficult in the analytical treatment of the t-J model (1) comes mainly from the local constraint of no double electron occupancy, i.e., σ C † lσ C lσ ≤ 1, while the strong electron correlation manifests itself by this local constraint of no double electron occupancy, and therefore the crucial requirement is to impose this local constraint. In order to satisfy this local constraint, we employ the fermion-spin formalism 38, 39 , in which the electron operators C l↑ and C l↓ are replaced by,
respectively. The spinful fermion operator h lσ = e −iΦ lσ h l keeps track of the charge degree of freedom of the constrained electron together with some effects of spin configuration rearrangements due to the presence of the doped hole itself (charge carrier), while the spin operator S l represents the spin degree of freedom of the constrained electron, and then the local constraint of no double occupancy is satisfied at each site. In this fermionspin representation (2), the original t-J model (1) can be expressed explicitly as,
where J eff = (1 − δ) 2 J, and δ = h † lσ h lσ = h † l h l is the charge-carrier doping concentration. Since the t-J model (1) is obtained from the large-U Hubbard model, taking the large-U limit and making certain approximations 42 , there is a mixing of kinetic energy and potential energy (Coulombic contribution) 43 in going from the large-U Hubbard model to the t-J model (1), i.e., the original kinetic energy in the large-U Hubbard model has been reorganized as the kinetic energy of the lower Hubbard band in the t-J model (1), which therefore contains a strong Coulombic contribution due to the restriction of no double occupancy of a given site. However, as a consequence of the the t-J model (3) in the fermion-spin representation, the mixing of kinetic energy and potential energy in the kinetic-energy term of the original t-J model (1) has been released as the interaction between charge carriers and spins in the t-J model (3), which therefore dominates the essential physics of cuprate superconductors, while the magnetic exchange-energy term is to form an adequate spin configuration only. In particular, this spin configuration is strongly rearranged due to the effect of the charge-carrier hopping t on the spins. In the t-J model (3), the charge-carrier quasiparticle and spin excitation are strongly renormalized each other because of the coupling between the two degrees of freedom. In this case, three basic low-energy excitations for the charge-carrier quasiparticle, spin excitation, and electron quasiparticle, respectively, emerge as the propagating modes in a doped Mott insulator 34, 39 , with the scattering of charge-carrier quasiparticles due to spin fluctuations that mainly governs the charge transport, and the scattering of spin excitations due to charge-carrier fluctuations dominates the spin response, while as a natural result of the charge-spin recombination, the electron quasiparticles are responsible for the electronic structure.
A. Kinetic-energy driven superconducting mechanism
It is commonly believed that the existence of chargecarrier pairs is the hallmark of superconductivity 44, 45 , since these charge-carrier pairs behave as effective bosons, and can form something analogous to a Bose condensate that flows without resistance. However, the pairing means that there is an attraction between charge carriers. In conventional superconductors, the effective attraction between charge carriers (electrons) generates by the exchange of phonons, which act like a bosonic glue to hold the charge-carrier pairs together 46 , and then these charge-carrier pairs condense into the SC-state. In this conventional electron-phonon SC mechanism 46 , the wave function for the pairs turns out to be peaked at zero separation of the charge carriers, and then the SCstate has a s-wave symmetry. On the other hand, the SC-state in cuprate superconductors is also characterized by the charge-carrier pairs 47 , with an energy gap in the single-particle excitation spectrum. However, as a natural consequence of the unconventional SC mechanism that is responsible for the high T c , the chargecarrier pair in cuprate superconductors has a dominant dwave symmetry 47 . This d-wave SC-state also implies that there is a strongly momentum-dependent attraction between charge carriers without phonons 48 . In particular, a large body of experimental data 3-11 available from a wide variety of measurement techniques benefits that the spin excitation, which is a generic consequence of strong electron correlation, can mediate the charge-carrier pairing state in cuprate superconductors in analogy to the phonon-mediate pairing mechanism in conventional superconductors. Within the framework of the fermionspin theory (2), we [39] [40] [41] have established a kinetic-energy driven SC mechanism, where the attractive interaction between charge carriers originates directly from the interaction between charge carriers and spins in the kinetic energy of the t-J model (3) by the exchange of spin excitations in the higher powers of the doping concentration. This attractive interaction leads to the formation of the charge-carrier pairs, while the electron Cooper pairs originate from the charge-carrier pairing state are due to the charge-spin recombination, and then these electron Cooper pairs condense into the d-wave SC-state. Our work of the full charge-spin recombination and its application to study the electronic structure of cuprate superconductors in the SC-state builds on the kinetic-energy driven SC mechanism in Refs. [39] [40] [41] , and only a short summary of the formalism is therefore given in this subsection for convenience in the following discussions. In our previous discussions in the doped regime without AFLRO, the full charge-carrier diagonal and off-diagonal Green's functions of the t-J model in the charge-carrier pairing state satisfy following self-consistent equations [39] [40] [41] ,
where the mean-field (MF) charge-carrier Green's function g (0)−1 (k, ω) = ω −ξ k , with the charge-carrier excitation spectrum ξ k that has been given in Refs. [38] [39] [40] [41] , while the charge-carrier self-energies Σ (h) 1 (k, ω) in the particlehole channel and Σ (h) 2 (k, ω) in the particle-particle channel have been evaluated from the spin bubble as,
respectively, with Λ k = Ztγ k − Zt γ k , γ k = (cosk x + cosk y )/2, and the spin bubble,
where the MF spin Green's function has been obtained explicitly as,
with the MF spin excitation spectrum ω k and the function B k that have been given explicitly in Ref. 38 . In particular, the charge-carrier self-energy Σ (h) 2 (k, ω) is identified as the charge-carrier pair gap, while the chargecarrier quasiparticle coherent weight Z hF is closely related to the antisymmetric part of the charge-carrier selfenergy Σ (h) 1 (k, ω). In the case of only discussions of the low-energy sector, the charge-carrier pair gap and chargecarrier quasiparticle coherent weight are obtained in the static-limit approximation as,
where γ
It has been shown that the charge-carrier quasiparticle coherence antagonizes superconductivity, and then T c is depressed to low temperatures 40 . With the above static-limit approximation in Eq. (8), the full charge-carrier diagonal and offdiagonal Green's functions in Eq. (4) have been evaluated explicitly as,
where
is the charge-carrier quasiparticle energy spectrum,ξ k = Z hF ξ k is the renormalized charge-carrier excitation spectrum, and ∆ hZ (k) = Z hF∆h (k) is the renormalized charge-carrier pair gap, while the charge-carrier quasiparticle coherence factors,
with the constraint U 2 hk + V 2 hk = 1 for any wave vector k (normalization). In spite of the pairing mechanism driven by the kinetic energy by the exchange of spin excitations, the results in Eqs. (9) and (10) are the standard BCS expressions for a d-wave charge-carrier pairing state.
Substituting the full charge-carrier diagonal and offdiagonal Green's functions (9) into Eq. (5), the selfenergies Σ (h) 1 (k, ω) and Σ (h) 2 (k, ω) have been evaluated explicitly. In this case, the self-consistent equations (8a) and (8b) that are satisfied by the charge-carrier pair gap parameter∆ h and charge-carrier quasiparticle coherent weight Z hF , respectively, have been solved simultaneously with other self-consistent equations, and then all order parameters and charge-carrier chemical potential have been determined by the self-consistent calculation without using any adjustable parameters [39] [40] [41] . Since the charge-carrier pair order is established through an emergence of the charge-carrier quasiparticle, the chargecarrier pairing state is controlled by both the chargecarrier pair gap∆ h (k) and charge-carrier quasiparticle coherence Z hF , which is reflected directly from the selfconsistent equations (8a) and (8b). In particular, the self-consistently calculated result 49, 50 of T c shows that the maximal T c occurs around the optimal doping, and then decreases in both the underdoped and the overdoped regimes, in good agreement with the experimental results of cuprate superconductors 51 . This microscopic SC theory has given a consistent description of the defining characteristic of cuprate superconductors in the SCstate, including the doping dependence of the conductivity spectrum 52 observed in infrared measurements of the reflectance, the doping dependence of the electromagnetic response 53 obtained by using muon-spin-rotation measurement technique, and the doping dependence of the dynamical spin response 54 observed in inelastic neutron scattering and resonant inelastic X-ray scattering experiments.
B. Charge-spin recombination
In the kinetic energy driven SC mechanism [39] [40] [41] , the charge-carrier pairing state induced by the interaction between charge carriers and spins in the kinetic energy of the t-J model (3) by the exchange of spin excitations also generates the formation of the electron Cooper pairing state. However, for discussions of the electronic structure of cuprate superconductors in the SC-state, we need to calculate the electron diagonal and off-diagonal Green's functions G(l−l , t−t ) = C lσ (t); C † l σ (t ) and
, which are characterized by the charge-spin recombination. In the fermionspin theory (2), the constrained electron is decoupled as a product of a charge carrier and a localized spin. However, in contrast with the charge-spin separation, the purpose of the charge-spin recombination is to recover a constrained electron in terms of the recombination of a charge carrier and a localized spin. In the conventional charge-spin recombination scheme 13, 14, 36, 37 , the electron Green's function in space-time is a product of the chargecarrier and spin Green's functions, and then the resulting Fourier transform is a convolution of the charge-carrier and spin Green's functions. Based on the conventional charge-spin recombination scheme, we 40, 49, 50 have evaluated the electron diagonal and off-diagonal Green's functions, and found that two characteristic features of the charge-carrier pairing state in Eq. (9) are kept in the electron Cooper pairing state: (A) The electron Cooper pairing state still is conventional BCS-like with the dwave symmetry; (B) T c is identical to the charge-carrier pair transition-temperature. Within the framework of the kinetic energy driven SC mechanism, the electron Cooper pairing state originates from the charge-carrier pairing state, therefore these two characteristic features of the charge-carrier pairing state also are common properties of the electron Cooper pairing state, and they must be preserved in the electron Cooper pairing state obtained in terms of the charge-spin recombination. However, the conventional charge-spin recombination 13,37 is a partial charge-spin recombination, since the electron Green's function obtained from this conventional chargespin recombination does not produce a large electron Fermi surface 37, 50 , reflecting that the separated charge carrier and localized spin can not be fully recombined into a constrained electron. Within the framework of the fermion-spin theory (2), the coupling between the charge-carrier quasiparticle and spin excitation is manifested itself by the self-consistent equations (4). Experimentally, it has been established unambiguously that in the doped regime, the electron quasiparticle also couples to the spin excitation 3, 4, 55, 56 . On the other hand, the unique aim of the charge-spin recombination is to recombine the charge-carrier and spin Green's functions into the electron Green's function, which therefore implies that the coupling form between the electron quasiparticle and spin excitation should be the same as that between the charge-carrier quasiparticle and spin excitation, in other words, the self-consistent equations satisfied by the full electron diagonal and offdiagonal Green's functions in the SC-state should be the same with these in Eq. (4) satisfied by the full chargecarrier diagonal and off-diagonal Green's functions. In this case, we can perform a full charge-spin recombination in which the charge-carrier diagonal and off-diagonal Green's functions in Eq. (4) are replaced by the electron diagonal and off-diagonal Green's functions G(k, ω) and † (k, ω), respectively, and then the self-consistent equations satisfied by the electron diagonal and off-diagonal Green's functions of the t-J model in the SC-state can be obtained explicitly as,
with the MF electron Green's function G (0) (k, ω) that can be obtained directly from the t-J model (1) as,
where the MF electron excitation spectrum ε k = −Ztγ k + Zt γ k + µ, with γ k = (cosk x + cosk y )/2, γ k = cosk x cosk y , and Z is the number of the nearest-neighbor or next nearest-neighbor sites on a square lattice, while the electron self-energies Σ 1 (k, ω) in the particle-hole channel and Σ 2 (k, ω) in the particle-particle channel can be obtained directly from the charge-carrier self-energies in Eq. (5) by the replacement of the charge-carrier diagonal and off-diagonal Green's functions with the corresponding electron diagonal and off-diagonal Green's functions as,
In analogy to the case in the charge-carrier pairing state [39] [40] [41] , both the pairing force and electron Cooper pair order parameter have been incorporated into the electron self-energy Σ 2 (k, ω) in the particle-particle channel, and therefore it is called the electron Cooper pair gap in the electron excitation spectrum,∆(k, ω) = Σ 2 (k, ω), which determines both the quasiparticle energy spectrum and the energy of the condensate. On the other hand, the electron self-energy Σ 1 (k, ω) in the particle-hole channel renormalizes the MF electron spectrum, and therefore it describes the electron quasiparticle coherence. In particular, the electron self-energy Σ 2 (k, ω) is an even function of ω, while the electron self-energy Σ 1 (k, ω) is not. It therefore follows common practice to separate the electron self-energy Σ 1 (k, ω) into the symmetric and antisymmetric parts, i.e., Σ 1 (k, ω) = Σ 1e (k, ω) + ωΣ 1o (k, ω), and then both Σ 1e (k, ω) and Σ 1o (k, ω) are an even function of ω. Moreover, the antisymmetric part Σ 1o (k, ω) of the electron self-energy Σ 1 (k, ω) is directly associated with the electron quasiparticle coherent weight as, Z −1
Since we only focus on the low-energy behavior, the electron Cooper pair gap and electron quasiparticle coherent weight can be generally discussed in the static-limit approximation, i.e.,
As in conventional superconductors
57 , the retarded function ReΣ 1e (k, ω) | ω=0 just renormalizes the chemical potential. Although Z F (k) still is a function of momentum, however, the wave vector k in Z F (k) can be chosen as,
just as it has been done in the ARPES experiments 22, 23 . With the help of the above static-limit approximation, the full electron diagonal and off-diagonal Green's functions in Eq. (11) can be evaluated explicitly as,
is the electron quasiparticle energy spectrum,ε k = Z F ε k is the renormalized electron excitation spectrum, and∆ Z (k) = Z F∆ (k) is the renormalized electron Cooper pair gap, while the electron quasiparticle coherence factors,
satisfy the sum rule U 2 k + V 2 k = 1 for any wave vector k (normalization). In spite of the electron Cooper pairs originated from the charge-carrier pairing state, the standard d-wave BCS formalism in Eqs. (15) and (16) obtained from the kinetic energy driven SC mechanism have unambiguously indicates the Bogoliubov quasiparticle nature of the low-energy excitations of cuprate superconductors in the SC-state, i.e., the Bogoliubov quasiparticle does not carry definite charge, and is a coherent combination of the electron and its absence, then the SC coherence of the low-energy quasiparticle excitations and the related electronic structure can be discussed on the first-principles basis much as can be done for conventional superconductors. In this case, the characteristic feature (A) of the charge-carrier pairing state is therefore satisfied by the standard d-wave BCS formalism in Eqs. (15) and (16) . In particular, it should be emphasized that the Bogoliubov-type dispersion of cuprate superconductors in the SC-state, and the momentum dependence of the coherence factors U k and V k in Eq. (16) have been confirmed experimentally from the ARPES measurements [15] [16] [17] [18] [19] . On the other hand, the electron quasiparticle coherent weight Z F reduces the electron quasiparticle bandwidth, and suppresses the spectral weight of the single-particle excitation spectrum, then the energy scale 58 of the electron quasiparticle band is controlled by the magnetic exchange coupling J. Moreover, the AF short-range order (AFSRO) correlation has been incorporated into the SC-state through the spin's order parameters entering into the electron self-energies (13) in the particle-particle and particle-hole channels, therefore there is a coexistence of the SC-state and AF-SRO correlation, and then AFSRO fluctuation persists into superconductivity.
Since the full electron diagonal and off-diagonal Green's functions have been obtained explicitly in Eq. (15), it is straightforward to evaluate the electron selfenergies Σ 1 (k, ω) and Σ 2 (k, ω) in Eq. (13) as,
respectively, with ν = 1, 2,
ν ω p , and the functions,
where n (ν) 1Bpp
, and n B (ω) and n F (ω) are the boson and fermion distribution functions, respectively. In this case, the electron quasiparticle coherent weight Z F and electron Cooper pair gap parameter ∆ satisfy following two self-consistent equations,
with k A = [π, 0]. These two equations (19a) and (19b) must be solved simultaneously with the self-consistent equation,
then the electron quasiparticle coherent weight Z F , the electron Cooper pair gap parameter∆, and the electron chemical potential µ are determined by the self-consistent calculation without using any adjustable parameters. The above equations (19) and (20) have been calculated self-consistently. In particular, T c has been obtained self-consistently from the self-consistent equations (19) and (20) at the condition∆ = 0, and the calculated result of T c as a function of doping for t/J = 2.5 and t /t = 0.3 is plotted in Fig. 1 in comparison with the corresponding experimental results 51 (inset). It is shown clearly that T c increases with increasing doping in the underdoped regime, and reaches a maximum around the optimal doping, then decreases with increasing doping in the overdoped regime, in good agreement with the experimental results of cuprate superconductors 51 . In particular, in a given doping concentration, the value of T c obtained from the electron Cooper pairing state is the same as that obtained from the corresponding chargecarrier pairing state 49 , and therefore the characteristic feature (B) of the charge-carrier pairing state is satisfied exactly. Within the framework of the kinetic-energy driven SC mechanism, the effective attractive interaction between charge carriers originates in their coupling to spin excitations, while in the present full charge-spin recombination scheme in Eqs. (15) and (16), the electron pairing interaction is mediated by the same spin excitations, which therefore leads to that T c is identical to the charge-carrier pair transition-temperature, and then the domelike shape of the doping dependence of T c with the maximal value appearing around the optimal doping obtained from the electron Cooper pairing state is a natural consequence of the domelike shape of the doping dependence of the charge-carrier pair transitiontemperature with the maximal value appearing around the same optimal doping obtained from the charge-carrier pairing state 49 . Moreover, in the present full charge-spin recombination scheme, the hole-like charge-carrier quasiparticle coherence factors V hk and U hk in Eq. (10) and the related BCS expressions for the d-wave charge-carrier pairing state in Eq. (9) have been transferred into the electron quasiparticle coherence factors U k and V k in Eq. (16) and the related d-wave BCS formalism for the electron Cooper pairing state in Eq. (15), respectively, which means that the d-wave charge-carrier pairs condense in a wide range of the doping concentration, then the electron Cooper pairs originated from the charge-carrier pairing state are due to the full charge-spin recombination, and their condensation automatically gives the electron quasiparticle character. In this case, as in conventional superconductors, the quasiparticles of the electron Cooper pairs in cuprate superconductors also are the excitation of a single electron dressed with the attractive interaction between paired electrons.
III. ELECTRONIC STRUCTURE
The electronic state in a solid is characterized by its energy dispersion as well as the characteristic lifetime (then the characteristic scattering rate) of an electron placed into such a state. This state is just represented by the electron Green's function, while the electron spectral function is directly related to the analytically continued electron Green's function as A(k, ω) = −2ImG(k, ω). Since many of the physical properties have often been attributed to particular characteristics of the low-energy quasiparticle excitations determined by the electron spectral function [5] [6] [7] , then a central issue to clarify the nature of the physical properties is how the electron spectrum evolves with the doping concentration.
A. Doping dependence of electron spectrum
The electron spectral function A(k, ω) is obtained directly from the above electron diagonal Green's function (15a) as, (21) where the hight of the SC quasiparticle peak below the electron Fermi surface is assigned a weight Z F V 2 k , while that of the peak above the electron Fermi surface is assigned a weight Z F U 2 k , therefore the products of the electron coherence factors and the electron quasiparticle coherent weight describe the relative intensity of the Bogoliubov quasiparticle branches above and below the electron Fermi surface.
We are now in a position to compare the theoretical results derived based on the kinetic energy driven SC mechanism with existing ARPES data. We have performed a series of calculations for the electron spectral . Our result shows that there are sharp low-energy SC quasiparticle peaks below the electron Fermi energy near the [π, 0] point, which are closely associated with electron Cooper pairing below T c . Using an reasonably estimative value of J ∼ 100 meV in cuprate superconductors, the position of the low-energy SC quasiparticle peak at δ = 0.15 is located at ω peak ≈ 0.5J ≈ 50 meV, which is not too far from the ω peak ≈ 40 meV observed 20 in the optimally doped Bi 2 Sr 2 CaCu 2 O 8+x . However, the electron spectrum is doping dependent, and the weight of the lowenergy SC quasiparticle peak in the underdoped regime increases with the increase of doping, while the position of the low-energy SC quasiparticle peak shifts towards to the electron Fermi energy, in qualitative agreement with the experimental results at δ = 0.15 is plotted in Fig. 3 in comparison with the corresponding experimental result 19 of the optimally doped Bi 2 Sr 2 CaCu 2 O 8+δ (inset). In Fig. 3 , the thick solid curve is the momentum distribution curve where the electron coherence factors U 2 k = V 2 k at the electron Fermi energy. It is apparent that the theoretical result captures the qualitative feature of the momentum dependence of the electron spectrum observed experimentally on cuprate superconductors in the SC-state 5,6,15-23 . There are two branches of dispersion centered at the electron Fermi energy, however, two sharp low-energy SC quasiparticle peaks in each energy distribution curve exhibit an evolution of the relative peak height at different momentum positions due to the momentum dependence of the coherence factors. In particular, the spectral intensity of the two branches shows an opposite evolution as a function of k along the cut direction [0.679π, 0.469π] to [0.681π, 0.471π]. Before reaching the Fermi wave vector k F along the cut direction [0.679π, 0.469π] to [0.681π, 0.471π], the low-energy SC quasiparticle peak below the electron Fermi energy has a higher intensity than that above the electron Fermi energy. However, after passing the Fermi wave vector k F , the low-energy SC quasiparticle peak above the electron Fermi energy has a higher intensity than that below the electron Fermi energy. This crossover behavior near the Fermi wave vector k F , a characteristic of the Bogoliubov quasiparticle dispersion in conventional superconductors in the SC-state, therefore appears in cuprate superconductors. The notion of the Fermi surface is one of the characteristic concepts in the field of condensed matter physics, and it plays a crucial role in the understanding of the physical properties of interacting electron systems. This is why a central question in the theory of cuprate superconductors concerns the nature of the electron Fermi surface. In Fig. 4 , we plot the maps of the spectral intensity A(k, 0) at the electron Fermi energy in δ = 0.12 for t/J = 2.5 and t /t = 0.3 with T = 0.002J in comparison with the corresponding experimental result 27 of the underdoped Bi 2 Sr 2 CaCu 2 O 8+x (inset). Obviously, the electron Fermi surface forms a continuous contour in momentum space. In particular, we find that within the framework of the standard d-wave BCS formalism in Eqs. (15) and (16), the electron Fermi surface in the entire doping range forms a continuous contour in momentum space [24] [25] [26] [27] . Moreover, according to one of the self-consistent equations (20) , the electron Fermi surface satisfies Luttinger's theorem, i.e., the electron Fermi surface area contains 1 − δ electrons. However, we will show in the following discussions that in the underdoped and overdoped regimes, the energy and momentum dependence of the electron self-energy in the particle-hole channel truncates this continuous contour in momentum space into the disconnected Fermi arcs located around the nodal region of BZ.
All above theoretical results are qualitatively consistent with the ARPES experimental data of cuprate superconductors [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , and therefore show that the basic d-wave BCS formalism obtained from the kinetic energy driven SC mechanism can correctly reproduce some main features of the SC coherence of the low-energy quasiparticle excitations observed in cuprate superconductors in the SC-state.
B. Effect of energy and momentum dependence of self-energy on electron spectrum
It is well known that the electron correlation in solids is closely related to the electron self-energy. In particular, the positions of the quasiparticle peaks in the electron spectrum are determined by the electron self-energy. Although the d-wave BCS expression in Eq. (21) gives qualitative insight into the electronic spectrum in the SC-state, the detailed form of the line shape that arises from the strong energy and momentum dependence of the electron self-energy is not contained in the simple dwave BCS formalism (15) . In the following discussions, we show explicitly that the striking feature of the peakdip-hump structure in the electron spectrum of cuprate superconductors and the remarkable Fermi arc behavior in the underdoped and optimally doped regimes are intimately connected with the strong energy and momentum dependence of the electron self-energy. In order to take into account the effect of the energy and momentum dependence of the electron self-energy on the electron spectrum in the SC-state, the full electron diagonal and offdiagonal Green's functions in Eq. (11) can be rewritten as,
where the energy and momentum dependence of the electron self-energy Σ 1 (k, ω) in the particle-hole channel has been given explicitly in Eq. (17a), and then the electron spectral function,
can be evaluated directly from the full electron diagonal Green's function (22a). Although the sharp quasiparticle excitations are identified in the SC-state along the entire electron Fermi surface, the peak-dip-hump structure is most strongly developed around the [π, 0] point. In Fig. 5 , we plot the electron spectral function A(k, ω) in Eq. (23) [20] [21] [22] is qualitatively reproduced. In particular, the position of the low-energy SC quasiparticle peak is located at ω peak ≈ 0.32J ≈ 32 meV, which is well consistent with the ω peak ≈ 35 meV observed 22 in the overdoped Bi 2 Sr 2 CaCu 2 O 8+x . In comparison with the corresponding result in Fig. 2 , we therefore find that an additional peak in the electron spectrum appears at the higher energy region, however, the weight of this additional peak is much smaller than that in the lower-energy region. In this case, the electron spectrum consists of two peaks, with a sharp low-energy peak that is corresponding to the SC coherence of the quasiparticle excitation, and a weak high-energy peak, which is associated with the hump, while the spectral dip is in between them, and then the total contributions for the electron spectrum give rise to the peak-dip-hump structure, in good agreement with the ARPES experimental observations on cuprate superconductors 5, 6, [20] [21] [22] [23] . The present result in Fig. 5 also indicates that the existence of the dip requires additional structure in the electron self-energy, and then the striking feature of the peak-dip-hump structure in the single-particle excitation spectrum is closely related to the strong energy and momentum dependence of the electron self-energy. This is different from the case in conventional superconductors, where the electron self-energy has essentially no momentum dependence. To analyze the effect of the strong energy and momentum dependence of the electron self-energy on the electron Fermi surface, we plot the electron spectral density A(k, 0) in Eq. (23) at the Fermi energy in δ = 0.12 for t/J = 2.5 and t /t = 0.3 with T = 0.002J in Fig. 6 . For comparison, the corresponding experimental result 31 of the underdoped Ca 2−x Na x CuO 2 Cl 2 is also shown in Fig.  6 (inset) . In comparison with the corresponding result in Fig. 4 , the present result in Fig. 6 shows clearly that the electron Fermi surface in the underdoped regime does not form a continuous contour in momentum space due to the presence of the energy and momentum dependence of the electron self-energy, where the electron self-energy suppression first opens up near the antinodal region, and then the electron Fermi surface is broken into the disconnected Fermi arc around the nodal region. In particular, we 59 have made a series of calculations for the electron spectral density A(k, 0) at the Fermi energy with different doping concentrations, and the result shows that the strength of the electron self-energy suppression progressively decreases as the doping concentration is increased, and then there is a tendency towards to form a continuous contour in momentum space. This tendency is particularly obvious in the overdoped regime, and then the electron Fermi surface evolves into a continuous contour in momentum space at the heavily overdoped regime, in qualitative agreement with experimental data [28] [29] [30] [31] [32] . Now we turn to discuss the electron momentum distribution. The number of electrons in state k is obtained by summing over all energies ω, weight by the electron spectral function (23) as, For a better understanding of the nature of the electron Fermi surface in the kinetic energy driven SC mechanism, we plot the electron momentum distribution n kσ in Eq. Since the total number of electrons does not depend on the interaction, the integrated area under the curve is equal to 1 − δ, and therefore is consistent with that predicted by the Luttinger's theorem. The shape of the electron momentum distribution on the other hand is a shouldbe electron momentum distribution of the system in the presence of interactions, i.e., in some part (below the electron Fermi energy) the distribution is closer to 1, while in other part (above the electron Fermi energy) it is approximately closer to zero, in qualitative agreement with the results obtained from the numerical simulations 60-62 .
The above calculated result based on the kineticenergy driven SC mechanism is able to give qualitative description of the electronic structure of cuprate superconductors in the SC-state. In this case, a natural question is: What is the reason why the electronic structure of cuprate superconductors in the SC-state can be described qualitatively within the framework of the kinetic-energy driven superconductivity. To our present understanding, there are, at least, two reasons: (A) Although the physical properties of cuprate superconductors in the normalstate are fundamentally different from these in the standard Landau Fermi-liquid state, the kinetic-energy driven SC-state still is conventional BCS-like with the d-wave symmetry; (B) The emergence of the doping dependence of the pseudogap is essential. In our previous work 41 , we have shown that the same charge-carrier interaction mediated by spin excitations that induces the chargecarrier pairing state in the particle-particle channel also generates the pseudogap state in the particle-hole channel, and therefore the pseudogap has been identified as being a region of the charge-carrier self-energy in the particle-hole channel in which the pseudogap suppresses the low-energy spectral weight of the quasiparticle excitation spectrum. Since the electron Cooper pairing state originated from the charge-carrier pairing state is due to the full charge-spin recombination, the physics of the pseudogap state in the charge-carrier pairing state is also true in the present electron Cooper pairing state. This follows from a fact that the electron self-energy Σ 1 (k, ω) in the particle-hole channel in Eq. (17a) also can be rewritten approximately as,
where ε 0k = L 2 (k) = Σ 1 (k, ω = 0), and can be obtained directly from the electron self-energy Σ 1 (k, ω) in Eq. (17a). This pseudogap∆ PG (k) is also identified as being a region of the electron self-energy in the particle-hole channel in which the pseudogap∆ PG (k) suppresses the low-energy spectral weight of the single-particle excitation spectrum. This pseudogap (then the electron self-energy) therefore induces the appearance of the additional high-energy peak in the electron spectrum, leading to the formation of the peak-dip-hump structure, and gaps out the antinodal region of the electron Fermi surface, leading to that the electron Fermi surface consists, not of closed contour, but only of four disconnected Fermi arcs centered around the nodes. In particular, we 59 find that the present pseudogap∆ PG (k) in Eq. (25) has the same doping dependence as that obtained previously from the charge-carrier self-energy in Ref. 41 , i.e., the magnitude of the pseudogap parameter∆ PG is particular large in the underdoped regime, and then it smoothly decreases upon increasing doping, in qualitative agreement with the ARPES experimental results 63 . This doping dependence of the pseudogap∆ PG (k) therefore leads to an evolution of the Fermi arcs with doping in cuprate superconductors [28] [29] [30] [31] [32] .
IV. CONCLUSIONS
Within the framework of the kinetic energy driven SC mechanism, we have developed a full charge-spin recombination scheme. Following this full charge-spin recombination scheme, we have evaluated explicitly the full electron diagonal and off-diagonal Green's functions, and then reproduced some main features of the electronic structure in cuprate superconductors in the SC-state. Our result shows that the theory produces a large electron Fermi surface with the area that contains 1 − δ electrons, while the SC coherence of the low-energy quasiparticle excitations is qualitatively described by the standard d-wave BCS formalism, although the pairing mechanism is driven by the kinetic energy by the exchange of spin excitations in the higher powers of the doping concentration. Our result also shows that the striking peakdip-hump structure in the electron spectrum and the remarkable Fermi arc behavior in the underdoped regime are mainly caused by the strong energy and momentum dependence of the electron self-energy. The qualitative agreement between the theoretical result and ARPES experimental data is important to confirm that the SC-state of cuprate superconductors still is conventional BCS-like with the d-wave symmetry.
